Introduction
============

Ischemic heart disease (IHD, coronary heart disease) causes approximately 1 in every 5 deaths in the United States. It was estimated that nearly 17 million American adults suffered from IHD in 2006.[@b1-sccaa-3-057] Myocardial ischemia (MI) is generally caused by the occlusion of a coronary artery due to the deposition of fat, which results in the shortage of oxygen and nutrition. If, left untreated, this will lead to massive cell death, ischemia, and eventually will result in heart failure. The loss of cardiomyocytes and other surrounding cells in the heart tissue causes permanent damage to the patient's heart. Conventional therapies hardly address this issue, and stem cell transplantation is considered to be the only way, which targets the fundamental problem of cell loss.[@b2-sccaa-3-057] Administration of progenitor cells from bone marrow was reported to significantly improve the recovery of left ventricular contractile function.[@b3-sccaa-3-057],[@b4-sccaa-3-057] Various mechanisms, such as paracrine effect, angiogenesis and cell fusion were found to be important in functional improvement of the heart after stem cell transplantation. However, an insufficient number of biologically functional autologous or allogeneic isolated stem cells, cell viability, and inefficient expansion techniques limit its clinical application. Therefore it is very important to address the critical issues involved in the development of the technology, which will support an efficient and practical *ex-vivo* stem cell expansion. This technology is important to maintain the expanded stem cell's potential for engraftment, differentiation and long-term sustainability. Different approaches have been developed to achieve large-scale expansion including co-culturing with feeder cells, gene transduction and usage of biomaterial scaffolds. In this review, rather than elaborating on the end results of *ex-vivo* expansion, we will focus on the underlying mechanisms and principles, which modulate stem cell fate. Special emphasis is given to hematopoietic stem cells as they are relatively safe and easy to procure, compared to other sources, and have been demonstrated to posses beneficial effects on the functional recovery of the heart, as reported by various clinical trials.[@b3-sccaa-3-057],[@b4-sccaa-3-057]

Stem cells for cardiac therapy
==============================

Different types of stem cells have been considered as candidates for cardiac transplantation therapies. Some of the widely studied cells are: skeletal myoblasts; mesenchymal stem cells (MSCs); endogenous cardiac stem cells; and bone-marrow-derived hematopoietic stem cells (HSCs).[@b2-sccaa-3-057]

Skeletal myoblasts
------------------

Skeletal myoblasts are progenitor cells of skeletal muscle cells and have been used previously as a source of stem cells for the regeneration of ischemic heart tissues. Cardiac muscle cells (or cardiomyocytes) are akin to skeletal muscle in their structure, which brings hope to the investigators that skeletal myoblasts may transdifferentiate into cardiomyocytes. Various animal models with myocardial ischemia have shown beneficial effects after local myoblast transplantation. However, myoblasts remain committed to skeletal muscle fate and do not transdifferentiate into cardiomyocytes after transplantation. Mature skeletal muscle cells do not electromechanically couple with each other and thus do not beat in synchrony with the surrounding myocardium. The mechanism for the improvement of this function is currently under investigation. However, some reports indicate that patients develop arrhythmias after transplantation, which brings into doubt the long-term benefit of myoblasts transplantation.[@b2-sccaa-3-057],[@b5-sccaa-3-057]

Mesenchymal stem cells
----------------------

Bone marrow derived MSCs were shown to be able to transdifferentiate into cardiomyocytes *in vitro*. This result provided the possibility of using MSCs for heart regeneration therapy.[@b6-sccaa-3-057] However, further studies showed that immortalization plays an important role in the transdifferentiation process and MSCs cannot differentiate into functional cardiomyocytes without immortalization.[@b7-sccaa-3-057] Some reports showed that direct injection of MSCs into the heart improved ventricular function in ischemic animal models.[@b8-sccaa-3-057],[@b9-sccaa-3-057] However, since MSCs express many common surface markers similar to cancer cells, the long-term safety of MSCs transplantation needs to be carefully examined. Indeed, reports have shown that MSCs can promote cell growth *in vivo* and aged MSCs may develop into fibrosarcomas in mice.[@b10-sccaa-3-057]

Endogenous cardiac stem cells
-----------------------------

A specialized type of cells was isolated from mammalian myocardium and was suggested to be cardiac progenitor cells. Surface markers like c-kit, Sca-1 and Isl-1 were used to isolate these cardiac progenitor cells. *In vitro* experiments demonstrated the potential of these cells to differentiate into cardiomyocytes, endothelial cells and smooth muscle cells.[@b11-sccaa-3-057]--[@b14-sccaa-3-057]*In vivo* transplantation of these cells resulted in the apparent enhancement of cardiac function,[@b15-sccaa-3-057] which makes these cells attractive candidates for transplantation. Even though relatively new, endogenous cardiac stem cells have attracted lots of attention. More work need to be undertaken to further characterize these progenitor cells and methods for the large-scale *ex-vivo* expansion of these cells need to be developed.

Hematopoietic stem cells
------------------------

Hematopoietic stem cell transplantation was reported to improve functional cardiac recovery in animal models.[@b16-sccaa-3-057] Various mechanisms have been proposed that may be involved in the enhancement of cardiac function. Neovascularization may directly result from the differentiation of HSCs and enhanced by the cytokines secreted by transplanted cells.[@b17-sccaa-3-057] Cell fusion between HSCs and cardiomyocytes has also been observed after transplantation which may imply such enhancement may result from this fusion. However, whether these fused cells can provide the population of progenitor-derived cardiomyocytes required for this therapy is still debatable.[@b18-sccaa-3-057] However, it seems that even if HSCs can transdifferentiate into cardiomyocytes *in vivo*, the effect might be minor. It is also possible that rather than directly transdifferentiating into cardiomyocytes, transplanted cells may enhance the proliferation of endogenous progenitors in the heart tissue by a paracrine effect.[@b16-sccaa-3-057],[@b19-sccaa-3-057],[@b20-sccaa-3-057]

Many groups have carried out clinical trials using bone marrow- (BM) derived HSCs for cardiac repair. Improvements were observed in patients with acute myocardial infarction and those with chronic heart failure due to prior myocardial infarctions, with no serious adverse effects observed ([Table 1](#t1-sccaa-3-057){ref-type="table"}).[@b3-sccaa-3-057],[@b4-sccaa-3-057],[@b21-sccaa-3-057]--[@b25-sccaa-3-057] These studies suggest that bone marrow transplantation for cardiac repair is both feasible and safe. However the mechanism for this improvement needs to be explored in more detail. Because of the limited number of HSCs available for autologous transplantation, most of the clinical trials use bone marrow rather than a pure population of stem cells. Cardiac repair using relatively pure HSCs may help our understanding of a clearer role of stem cells in the recovery process of heart disease. The long-term effect of transplantation also needs to be monitored. Autologous bone marrow, collected from aged patients, may result in reduced efficiency of transplantation as well as cardiac repair. For such patients, using HSCs derived from cord blood may provide an alternative option. It is yet to be established what the optimum conditions are for successful transplantation and cardiac repair.

Till now, HSCs seems to be one of the best-characterized cells for cardiac therapy related to ischemic diseases. However, limited cell numbers available for autologous transplantation severely hinders the regenerative capability post-transplantation. The *ex-vivo* expansion of HSCs from bone marrow, or other sources such as those from human umbilical cord blood, seem to be a critical step before transplantation. Extensive work has been undertaken to explore the mechanism that control the HSCs self-renewal process *in vitro* as well as *in vivo*.

Signaling pathways governing HSC fate
=====================================

It is well known that cultured *in vitro* stem cells, especially HSCs, tend to differentiate rather than self-renew. Several factors influence the fate of HSCs in self-renewal versus differentiation *in vivo*, and three signaling pathways have been found to be important in this process ie: Notch pathway; Wnt pathway; and the Smad pathway ([Figure 1](#f1-sccaa-3-057){ref-type="fig"}).[@b26-sccaa-3-057]

Notch signaling
---------------

Notch proteins are involved with microenvironment intercellular cell-fate decisions such as cell survival, self-renewal for stem cells and lineage-determination for developing cells. Notch signaling in high or low levels are lethal at the embryonic level. The Notch signaling network is composed of a family of four Notch receptors (Notch 1, Notch 2, Notch 3, Notch 4) and five ligands from the Jagged (Jagged-1 and Jagged-2) and Delta (Delta-like-1, Delta-like-3 and Delta-like 4) families, plus modifier proteins from the Fringe family (Lunatic, Manic, and Radical Fringe).[@b27-sccaa-3-057] Notch signaling receptors have three domains: extra cellular; transmembrane; and intracellular domains. Upon activation, intracellular domains of Notch receptors undergo cleavage and then enter the nucleus regulating variety of genes. Studies have shown that Notch, Delta and Jagged ligands can enhance the expansion of hematopoietic progenitors *in vitro*.[@b28-sccaa-3-057],[@b29-sccaa-3-057] Activation of endogenous Notch signaling with immobilized Delta-1 in human CD34^+^CD38- cord blood precursors induced a 100-fold increase of CD34^+^ cells compared to controls,[@b29-sccaa-3-057] even though high a concentration of Delta 1 results in apoptosis of CD34^+^ precursors.[@b30-sccaa-3-057] Immobilized Delta and Jagged ligands may act through the activation of HES-1 genes, which encodes a basic helix-loop-helix transcription factor and lies downstream in the Notch signaling pathway. Transduction with HES-1 can preserve the long-term reconstituting activity of CD34^low/−^c-Kit^+^Sca-1^+^Lin^−^ (34^−^KSL) *in vitro*.[@b31-sccaa-3-057]*In vivo*, osteoblasts may act as a source of Jagged-1, which indicates that osteoblasts serve as an important part of HSCs niche.[@b32-sccaa-3-057]

Wnt signaling
-------------

Wnt signaling plays an important role in regulating cell fate in a variety of tissues, and is required for dorso-ventral axis specification during early development. Wnt signaling can activate the canonical *β*-catenin dependent pathway and two non-canonical pathways. During the activation of the canonical pathway, Wnt ligands bind to cell-surface receptors of the frizzled family, which in turn activate disheveled family proteins with results in the stabilization of *β*-catenin. *β*-catenin translocates into the nucleus and activates gene transcription. Expression of Wnt-5a and Wnt-10b were found in yolk sac and fetal liver, which were the sites for fetal hematopoiesis. Wnt-5a and Wnt-10b can also stimulate HSCs expansion *in vitro*.[@b33-sccaa-3-057] It was hypothesized that Wnt's function lay in stabilizing and translocating *β*-catenin into nuclear following canonical Wnt signaling pathway. *β*-catenin/T cell factor complex then acts as a transcriptional regulator for different target genes, which in turn enhance the self-renewal of HSCs. Indeed, overexpression of activated *β*-catenin leads to a 10^2^ to 10^3^ fold expansion of the pool of HSCs in long-term cultures. Activation of Wnt also induces an increased expression of HoxB4 and Notch1 genes which can also promote HSCs expansion.[@b26-sccaa-3-057],[@b34-sccaa-3-057]

Smad signaling
--------------

The Smad signaling pathway functions downstream of transforming growth factor beta (TGF-β) and bone morphogenetic proteins (BMPs). Blockage of the entire Smad pathway by overexpression the inhibitory Smad7 can promote the self-renewal capacity of HSCs without disturbing the differentiation capacity.[@b35-sccaa-3-057] This is consistent with the inhibitory role of TGF-β, which is illustrated by release of HSCs from quiescence using antisense TGF-β stimulus.[@b36-sccaa-3-057] BMPs are suggested to play a critical role in the specification of hematopoietic tissue from the mesodermal germ layer. The effect of BMPs on adult CD34^+^ cells act in a dose dependent manner. While low concentration of BMP-4 induced proliferation and differentiation of CD34^+^ CD38-Lin^−^ cells, high concentrations of BMP-4 can help to maintain the repopulation capacity.[@b37-sccaa-3-057] It has also been shown that sonic hedgehog (Shh) genes induce the expansion of human HSCs through the modulation of the BMP pathway.[@b38-sccaa-3-057] It seems that the action of Smad is context dependant, and sometimes leads to different results *in vitro* and *in vivo*. The dose depended effect of BMPs on HSCs may indicate the involvement of other signaling cascades.

Stem cell micro-environment
===========================

The stem cell microenvironment, called niche, has a strong impact on the fate of stem cells *in vivo*. In the niche, stem cells can either undergo asymmetric division, giving rise to one daughter cell, which is further differentiated into certain lineage, or symmetric divisions; which results in two new stem cells depending on the signal from its environment. Two basic components constitute the stem cell niche: niche cells and the extra-cellular matrix (ECM). Niche cells send signals to stem cells, which control their quiescence, proliferation or differentiation. ECM provides physical and chemical support for stem cell function. The ECM is also being constantly modified by both niche cells and stem cells, which in turn modulate stem cell behavior. In some tissues there is only one or a few stem cell types for each niche, like hematopoietic stem cells, satellite muscle cells and intestinal epithelium, while in other tissues there are many stem cells per niche, like central nervous system SVZ stem cells and epithelial stem cells of the hair follicle bulge.[@b39-sccaa-3-057]

HSCs are one of the most well studied somatic stem cells and the niche is relatively well-characterized.[@b40-sccaa-3-057] Single HSCs can result in the long-term reconstitution of the lymphohematopoietic system, which shows its strong capacity for expansion *in vivo*.[@b41-sccaa-3-057] The HSC niche is populated by a variety of cells (osteoblasts, osteoclasts, endothelial cells, fibroblasts, and macrophages), ECM molecules and cytokines. Many factors have been demonstrated to influence HSCs maintenance *in vivo* and recently there is new evidence demonstrating that cytokines play an important role in regulating HSCs differentiation.[@b42-sccaa-3-057]

Niche cells
-----------

Even though different cell types populate the HSCs niche, it is believed that osteoblasts are one of the most crucial cells supporting HSCs maintenance, and together with osteoclasts are the two major bone remodeling cells. Osteoblasts secrete many cytokines such as: granulocyte-colony-stimulating factor (G-CSF); macrophage colony stimulating factor (MCSF); granulocyte macrophage colony stimulating factor (GM-CSF); Interleukins (IL)-1, IL-6, IL-7; osteoprotegerin (OPG); receptor activator of nuclear factor kappa B; tumor necrosis factor (TNF)-α; and vascular endothelial growth factor (VEGF), all of which can modulate stem cell function.[@b43-sccaa-3-057] Osteoblasts produce stromal cell-derived factor (SDF)-1, which is a chemo-attractant recognized by the CXC chemokine receptor 4 (CXCR4) of HSCs.[@b44-sccaa-3-057] Lack of bone marrow seeding was seen in SDF-1 deficient murine embryos.[@b45-sccaa-3-057] SDF-1 can also stimulate the growth and survival of CD34^+^ progenitor cells, possibly through the phosphoinositol 3-kinase (PI3K)/protein kinase (PKB)(Akt) pathway and mitogen-activated protein kinase (MAPK)/p90 ribosomal S6 kinase pathway.[@b46-sccaa-3-057]--[@b48-sccaa-3-057]

It seems that cell adhesion play a very important role in the interaction between osteoblasts and HSCs. Many adhesion molecules expressed on osteoblasts and HSCs can mediate HSCs-osteoblasts adhesion, eg, inter-cellular adhesion molecule-1 (ICAM-1); lymphocyte function associated antigen-1 (LFA-1); vascular cell adhesion molecule-1 (VCAM-1); very late antigen-4 (VLA-4); and N-cadherin. Osteoblasts express angiopoietin-1 (Ang-1), which in turn activates its receptor, Tie2 and promotes the tight adhesion of stem cells to their niche. It is proposed that this adhesion results in HSCs quiescence and survival.[@b49-sccaa-3-057] However, specific roles of these adhesion molecules are still not fully understood.

The BMP signaling pathway is an inducer of the hematopoietic system, and has a very important role in regulating adult HSC development. Long term, HSCs attach to N-cadherin^+^CD45^−^ osteoblastic (SNO) cells through N-cadherin and *β*-catenin junction molecules. Conditional inactivation of BMP receptor type IA leads to an increase in SNO cells, which in turn induces a proportional increase of HSCs. This suggests that adhesion molecules might provide an important signal for HSCs maintenance of pluripotency.[@b50-sccaa-3-057],[@b51-sccaa-3-057]

The important role of osteoblasts to HSCs is also demonstrated through the Notch signaling pathway. Activation of osteoblast-specific parathyroid hormone (PTH) or PTH related protein (PTHrP) receptors leads to a higher level of Notch ligands and Jagged 1 in osteoblasts; and an increase in HSCs with Notch1 activation. Blocking Notch cleavage using *γ*-secretase inhibitor can reduce the supportive effect back to a base level. This indicates that osteoblasts can activate the HSCs through the Notch signaling pathway, which in turn results in an expansion of HSCs *in vivo*.[@b32-sccaa-3-057]

Overall, osteoblasts can regulate HSCs through different ways. It seems that cell adhesion is more important for homing and survival, while other factors favor regulating the maintenance of the HSC pool. Other cell types can also regulate HSCs through various mechanisms. For example, fibroblasts are one of the main sources of extra-cellular matrix molecules, which is important in supporting HSC function. However, these cell types are less well studied and are thought not to be as important as osteoblasts.

Extra-cellular matrix
---------------------

More and more evidence has been demonstrated that the extra-cellular matrix (ECM) provides a profound role in regulating cell fate. The ECM can regulate stem cell activity through: transmission of adhesion signals; control cell geometry; mechanical property; and nanotopography.

Stem cell-ECM interactions through integrins
--------------------------------------------

Integrins are important mediators of cell adhesion and play a critical role in stem cell homeostasis. *β*~1~ integrin deficient embryos show an impaired migration of hematopoietic stem cells in the early developmental stage.[@b52-sccaa-3-057]*β*~1~ integrins expressed by HSCs are in a low-affinity state, which require transactivation by agonists to induce a high affinity ligand binding state. This activation has been shown to occur for the *β*~1~ integrins VLA-4, and VLA-5; receptors for both fibronectin (VLA-4 and VLA-5) and the stromal cell surface protein VCAM-1(VLA-4 only).[@b53-sccaa-3-057] Fibronectin contains connecting segment-1 (CS-1) and an arginyl-glycyl-aspartic acid (RGD) motif, which binds to VLA-4 and VLA-5 respectively. Both segments are important for growth support and proliferation of hHSCs.[@b54-sccaa-3-057] It is suggested that adhesion of HSCs to fibronectin may trigger signals related to the cytoskeleton pathway, which in turn activate signals that enhance both cell survival and growth.[@b53-sccaa-3-057]

Stem cell-ECM interaction through physical properties
-----------------------------------------------------

It is well known that myocardial development is potentially regulated by cell shape, and the differentiation of capillary endothelial cells is partially regulated by insoluble ECM molecules.[@b55-sccaa-3-057] However little is known about the influence of the physical property of the ECM on adult stem cell fate. Most of the current knowledge of such physical property influences come from studies using MSC and other connective tissues. However, it has been shown that the nanoscale structure also has profound a influence on HSCs *ex-vivo* expansion.[@b56-sccaa-3-057]

Mechanical signals of the ECM can induce a changes in cytoskeletal tension and mechanosensitive or osmosensitive ion channels, and regulate cell fate from seconds to hours. Cell shape can regulate RhoA, a guanosine-5'-triphosphatease (GTPase) protein, activity in multiple ways. For MSCs, cell shape restriction can switch the lineage commitment by the RhoA/Rho kinase (ROCK) pathway. Constitutive activation of ROCK induced osteogenesis while dominant negative expression of RhoA leads MSCs to become adipocytes.[@b57-sccaa-3-057]

The stiffness of the ECM can influence cell migration, apoptosis, proliferation and differentiation.[@b58-sccaa-3-057] It has been shown that MSCs commit to different phenotypes according to the stiffness of the matrices, which mimic the elasticity of different cell types. Soft matrices that mimic brain tissues are neurogenic, stiffer matrices that mimic muscle tissues are myogenic, whereas rigid matrices mimic collagenous tissues are osteogenic.[@b59-sccaa-3-057] Using different stiffness of polyacrylamide gels, Jessamine Winer and colleagues have shown that if cultured in 250 Pa gels, (which mimics the elasticity of bone marrow), MSCs become quiescent. Adhesion to a stiff substrate can bring the quiescent cells back into cell cycle again.[@b60-sccaa-3-057] Neural stem cells (NSC) also respond differently on materials with a different modulus. On materials with a modulus of 1,000--10,000 Pa, NSCs differentiate into glial cells. Lowering the stiffness to 10 Pa will totally inhibit NSCs self-renewal and differentiation, whereas in between, certain neural specific markers are expressed.[@b61-sccaa-3-057] These experiments provide evidence that biomaterials mimicking the local *in vivo* environment of stem cells may provide a better support for *in vitro* culturing and expansion.

The structural changes of the ECM, which regulate cell shape, ranges from macro to nano scale. These influences include surface topography, surface roughness, fiber diameter and other factors. Neural stem cells grown on polyethersulfone (PES) fiber meshes with fiber diameters of 283 nm, 746 nm and 1452 nm show a different pattern towards differentiation. Cells were shown to be stretched multi-directionally on 283-nm fibers and grow along a single fiber axis on larger fibers. The NSCs show a higher degree of proliferation and cell spreading on PES fiber mesh as the fiber diameter decreases, if cultured with 20 ng/mL fibroblast growth factor (FGF)-2.[@b62-sccaa-3-057] Human MSCs cultured on 350 nm width nanograting show an alignment and elongation of their cytoskeleton and nuclei along the nanograting. Certain neuronal markers were up regulated such as microtubule-associated protein 2 (MAP-2). When compared with retinoic acid, the nanotopographic cues show a stronger effect for neurogenesis.[@b63-sccaa-3-057]

The mechanisms of the influence of nanotopography on stem cells is not yet fully understood. Several reports have been published searching for pathways that may be involved in cell response to biomaterial surface changes. Arnold and colleagues demonstrated the relationship between the spacing of the nano-structure and integrin clustering. Gold nanodots coated with integrin binding RGDfK peptide was positioned with 28, 58, 73, and 85 nm spacing at the interface. Limited cell attachment and reduced focal adhesion and actin-stress fibers of the cells were shown with a separation of larger than 73 nm spacing, while a separation of ≤58 nm between the dots allowed effective adhesion. These results indicate that the spacing of the peptide may influence the cluster formation of integrins, which then leads to regulation of the cell properties through cytoskeleton related pathway[@b64-sccaa-3-057] However, most of the reports till now are signaling pathway pre-selected. Recently, a number of reports have demonstrated a global analysis of the influence of nanotopographical structures on osteogenesis using differential proteomics when human bone marrow osteoprogenitors were used. Many molecules related to the Erk1/2 pathways were upregulated and are purported to play a role in the regulation of progenitors' differentiation induced by nano-geometry[@b65-sccaa-3-057]

*Ex-vivo* expansion of hematopoietic stem cells
===============================================

Even though significant efforts have been given to the *ex-vivo* expansion of hematopoietic stem cells and many mechanisms controlling the fate of HSCs have been revealed we are still far from a full understanding. In order to achieve an *ex-vivo* expansion, suitable for transplantation, the following two requirements need to be fulfilled:

1.  The large scale expansion of HSCs without compromising the pluripotency and long-term repopulation capacity (self-renewal).

2.  Such expansion should provide safe and transplantable HSCs. This requires the expansion to be feeder cell-free, serum proteins or microbial agents free.

Exposure of human tissues to xenogenic products can raise the risk of contamination by infectious agents. Studies show that human embryonic stem cells (hESCs) cultured with animal-derived serum replacements on mouse feeder layers can take up non-human sialic acid Neu5Gc from the culture medium. Transplantation using these hESCs might be compromised; as most adults have circulating antibodies against Neu5Gc.[@b66-sccaa-3-057] Genetically modified HSCs for expansion will also introduce possible clinical complications and therefore is not preferred for *ex-vivo* expansion.

Different factors can influence the result of *ex-vivo* expansion such as: initial cell concentration; duration of culture; and the purity of stem cells. Current expansion studies focus on two factors: cytokines and the physical culture environment for the cells.[@b67-sccaa-3-057] Chromatin modification has also been revealed to play a role in HSCs self-renewal and differentiation *in vitro*.[@b68-sccaa-3-057] Recent advances have indicated that chromatin-modifying agents, 5-aza-2'-deoxycytidine (5 azaD) and trichostatin A (TSA) can help to retain the repopulation capacity of HSCs in addition to cytokines while expanding *in vitro*.[@b69-sccaa-3-057]

Cytokines in *ex-vivo* expansion
--------------------------------

Historically it was shown that murine HSCs can be amplified *in vitro* in stromal-based long-term culture.[@b70-sccaa-3-057] Miller and Eaves reported a three-fold net increase in long-term lymphomyeloid repopulating cells following culture in serum-free media with interleukin-11, Ftl3-ligand and steel factors (SF) without impairing their *in vivo* regenerative potential. This demonstrated the possibility to expand HSCs *in vitro* without using feeder cells.[@b71-sccaa-3-057]

What is the upper limit of HSCs self-renewal? Long-term reconstituting cells (LTRCs) have been monitored during sequential transplantations. After four transfers, LTRCs gain a total 8400-fold expansion without any decline of expansion capability. What's more intriguing is that expansion can be enhanced *in vivo* by administration of SCF and IL-1.[@b72-sccaa-3-057] This demonstrated that not only these cells have the ability for high fold-expansion but also this potential can be regulated by extrinsic factors. Indeed, by using a limited dilution method, Ueda and colleagues reported that human HSCs can expand by a factor of 4.2 when cultured in serum free conditions with the combination of Flk2/Flt3 ligand (FL), stem cell factor (SCF), thrombopoietin (TPO) and IL-6 and soluble IL-6 receptor.[@b73-sccaa-3-057]

Two problems with HSCs *in vitro* expansion are the short-term culture period and low overall expansion efficiency. Even though short-term expansion of HSCs was shown to be possible, long-term expansion usually results in differentiation and reduced engrafting potential. For example, human cells capable of repopulating non-obese diabetic (NOD)/severe combined immunodeficiency (SCID) mice (SCID-repopulating cells; SRC) were able to be maintained in serum-free condition and showed a 2.4-fold increase after 4 days of culture. However, all the SRCs were lost after 9 days of culture.[@b74-sccaa-3-057]

The cause of this low efficient expansion was studied using CD34^+^ cord blood-derived cells cultured with IL-3, IL-6, granulocyte colony stimulating factor, SF and Flt3-ligand. During short time culturing, the majority of the culture initiating cells and *in vivo* lympho-myeloid competitive repopulating units have divided at least once. This means that during short-term culturing, the HSCs were able to respond to the cytokines and enter the cell cycle. The limited *in vitro* HSCs expansion may be due to asymmetrical cell division and inadequate long term HSCs survivability.[@b75-sccaa-3-057] In fact, HSCs cultured in medium without any cytokines and other additional factors may undergo massive apoptosis within several days. Thus it would be necessary to search for cytokines and other factors that can potentially influence HSC survival and cell fate decisions. It was reported that TPO and SCF could efficiently promote the viability of a subpopulation of Lin-Sca-1+ bone marrow progenitors. Even though within 40 hours cells treated with SCF showed higher viability; the long-term viability-promoting effect of TPO was similar to that of SCF.[@b76-sccaa-3-057] The possibility of cytokines influencing cell fate decisions was also studied. Using a combination of SF, IL3, GM-CSF and erythropoietin, the number of transplantable human lymphomyeloid stem cells was enhanced 10-fold, while the combination of SF, Flt3 and IL-6 gives a 3-fold increase in this population in NOD/SCID immunodeficient mice. Since the regenerating human progenitor populations in such primary mice are known to be maximally cycling, the main effects of growth factors should be on self-renewal decisions rather than proliferation.[@b77-sccaa-3-057]

Currently, different combinations of growth factors have been used in various expansion experiments together with other factors that may help HSCs expansion, such as a soluble form of hedgehog factor; sonic hedgehog, which may be mediated through modulation of BMP signaling pathways. However, the optimum choice of these factors has not yet been established. The focus of future studies might be put on finding the proper combination of factors, which can promote survival in long-term culturing and also promote the self-renew decisions of HSCs. It is clear now, that the soluble factors alone will not be able to provide satisfactory expansion. Combining other cues, like biomaterials, with cytokines may provide a superior level of viability and thus increase the expansion efficiency.

Biosynthetic materials in *ex-vivo* expansion
---------------------------------------------

Even though much effort has been spent on different cytokine-mediated activation of HSC proliferation, only limited success has been achieved. This may be due to the extreme sensitivity of HSCs to their microenvironment. Multiple factors, such as: fluctuations in cytokine concentrations; oxygen tension; temperature; and cell ECM interactions, can trigger HSC differentiation cascades and lead to the depletion of HSCs in the culture. Great promise has been shown in the use of biomaterials in stem cell *ex-vivo* expansion following the discovery that 3D tantalum-coated porous biomaterial was able to support long-term hematopoietic progenitor cell (HPC) culture and expanded HPCs up to1.5-fold in numbers after 1 week, and 6.7-fold increase in colony-forming ability after 6 weeks without any cytokines.[@b78-sccaa-3-057] These results indicated that biomaterials might be able to enhance the long-term survivability of HSCs even without the aid of added cytokines. Various materials without modification have been tested on their ability to support HPC expansion in a serum-free medium.[@b79-sccaa-3-057] However, the efficiency of these biomaterials, without the addition of cytokines or modification is relatively low and not suitable for HPC expansion applications.

In order to enhance the *ex-vivo* expansion efficiency, investigators tried to modify the biomaterials and improve their comparability to the bone marrow niche. Currently research is focusing on two aspects: the interaction between hematopoietic stem-progenitor cells (HSPCs) and nanosegments, and the topology of the biomaterials. Many ECM molecules have been tested on their ability to support cell adhesion conjugated with biomaterials. Thin films of polyethylene-*alt*-maleic anhydride (PEMA) were coated with various components eg, fibronectin; heparin; heparan sulfate; hyaluronic acid; tropocollagen I; and co-fibrils of collagen I with heparin or hyaluronic acid. Adhesion areas of individual cells have been assessed, and fibronectin showed the strongest adhesion of HSPCs, which is mediated by *α*~5~*β*~1~ integrin. Surfaces modified by heparin resulted in much less adhesion area, which is mediated by selectins (CD62L).[@b80-sccaa-3-057] In order to directly test whether better adhesion correlated with a better expansion ability of HSPCs, Sagar and colleagues have investigated murine bone marrow cells expansion on fibronectin-coated plate in the presence of cytokines. Coating with fibronectin significantly improved the expansion of primitive hematopoietic stem cells. However, no apparent activation of the cell cycle was observed. Instead an up-regulation of CD29 and VLA-4 was seen as compared to the normal BM cells. This indicated that rather than enhancing the overall level of proliferation, fibronectin specifically increased the ability of primitive HSCs maintenance.[@b81-sccaa-3-057] Poly-ethylene terephthalate (PET) films coated with CS-1 motifs and RGD motif were also used to enhance the proliferation of HSCs. After 10 days culture of CD34^+^ cells in a serum-free medium, in combination with human thrombopoietin, SCF, flt3-ligand and IL-3, the total cell number of cells was increased by approximately 590-fold, total colony forming unit were increased 76-fold and the long-term culture initiating cells were increased by 3-fold on the CS-1 peptide-modified films, while the PET film coated with the RGD peptide was less efficient.[@b82-sccaa-3-057] However, biological functionality, pluripotency and self-renewal of these expanded-cells was not tested. These results showed that covalently immobilized adhesion peptides could replace the direct use of fibronectin and significantly enhance the expansion of HSPCs cultured from umbilical cord blood.

Other modifications have also studied to improve the adhesion between the HSPCs and the biomaterials. A comparison was performed among unmodified, hydroxylated, carboxylated and aminated nanofibers and films using total umbilical cord blood-derived mononuclear cells. It was shown that aminated nanofiber mesh and film are more efficient in supporting the expansion of the CD34^+^ cells. It seems that the adhesion of HSPCs may play an important role, since cells attached to aminated materials grew much better than the other materials.[@b83-sccaa-3-057]

The dimension of the materials can also alter the results of the expansion. By using 3-D PET scaffolds conjugated with surface-immobilized fibronectin, CD34^+^ human umbilical cord blood cells can be expanded 100-fold and long-term culture initiating cells can be expanded 47-fold. The expanded CD34^+^ cells can successfully reconstitute hematopoiesis in NOD/SCID mice. This significant improvement of the maintenance of CD34^+^ multipotency and engraftment efficiency may be due to better mimic of the microenvironment for CD34^+^ maintenance as compared to the 2D-PET film.[@b84-sccaa-3-057] A more detailed comparison between 3-D scaffolds with 2D-film was performed using aminated scaffolds. 3-D aminated nanofiber meshes resulted in a higher cell adhesion and percentage of HSPCs as compared to 2-D film. This better adhesion may play a role in its higher clonogenic abilities.[@b83-sccaa-3-057] Other topological factors can also influence the HSPC expansion. For example, the spacer through which the amino groups are conjugated to nanofiber surface, can significantly alter the expansion results. The highest expansion efficiency was observed when using ethylene and butylene spacers, which showed a 200 and 235-fold expansion of CD34^+^CD45^+^ cells respectively. The NOD/SCID mice engraftment potential of HSPCs expanded on these two spacers is also much higher than on aminohexyl conjugated nanofiber.[@b56-sccaa-3-057] The shorter spacer may provide certain spacial restrictions on amino group patterning, which may facilitate integrin clustering and enhance the adhesion of the HSCs. These reports showed that the scaffold topography can definitely play a role in HSCs *ex-vivo* expansion and optimizations on these topography cues may significantly enhance the expansion efficiency.

In summary, it seems that several things might be important in the construction of biomaterials: a porous 3D structure; the modification of the materials to enhance adhesion of HSCs; and proper spacing of the binding motif or nanofibers. Still the design of suitable biomaterials for stem cell expansion is very delicate work, especially with little guidance. Better biomaterials could be synthesized, as many workers have done in order to determine the underlying principles of HSC interaction with their physical environment.

Preclinical evaluation of expanded HSCs
---------------------------------------

Even though tremendous efforts were spent on *ex-vivo* expansion of HSCs, few reports evaluated the functionality and potential therapeutic efficacy of the expanded HSCs. Using PES nanofiber-scaffolds, which are chemically modified by amination our lab has successfully expanded CD133^+^/CD34^+^ cells from freshly isolated human cord blood.[@b85-sccaa-3-057] The therapeutic potential of these cells was evaluated in a myocardial infarction rat model. The ischemic rats transplanted with expanded HSCs showed an elevated heart function and neovascularization. One of the intriguing things is that nanofiber expanded cells are more functionally efficient than that of the freshly isolated cells in both functional recovery and generating neovascularization in the ischemic tissues.[@b17-sccaa-3-057] This improved functionality might be partially explained by the higher expression of CXCR4 in nano-fiber expanded cells as compared to the freshly isolated HSCs.[@b85-sccaa-3-057] Using different expansion techniques, others have also showed that *ex-vivo* expanded cells improved the cardiac function after myocardial infarction in murine model.[@b86-sccaa-3-057] Numerous clinical trials have been successfully performed worldwide using *ex-vivo* expanded stem cells for the treatment of hematological malignancies. Expanded stem cells were able to achieve durable engraftment to the hematopoietic system with very few side effects.[@b87-sccaa-3-057] The long-term effect of stem cells on IHD is required to be explored, as arrhythmogenicity is one of the potential concerns. Poor cell-cell coupling, incomplete differentiation of engrafted cells or a heterogeneous distribution of action potentials induced by therapeutic cell fusion can generate arrhythmia. Even though no clinical trials using HSCs has shown such effects, the possibility needs to be investigated.[@b88-sccaa-3-057] Long-term effects of expanded stem cell transplantation need to be evaluated carefully, as potential graft-versus-host disease might also be a cause of concern. As there are no immunocompromised porcine models (large animal) available, risk of xenogeneic transfer using expanded stem cells has not been investigated sufficiently. Using immunosuppressive drugs might have side effects on transplanted stem cells. Current research is focusing on optimization of expanded stem cell delivery and the effects on large animal models. Autologous bone marrow cells were used to optimize stem cell delivery methods in an induced acute MI model.[@b89-sccaa-3-057] The detailed mechanism of the cardiac repair needs to be clarified in large animal models before translation to the clinic.[@b89-sccaa-3-057],[@b90-sccaa-3-057] Genetically modified stem cells may be functionally effective for the therapeutic purposes, however, the long-time safety of such therapy should also be evaluated.[@b91-sccaa-3-057] Many other factors have been suggested to influence the outcome of transplantation eg, sex; age; infarct size and location; time from symptom onset to reperfusion; and baseline left ventricular ejection fraction.[@b92-sccaa-3-057] Most of the current clinical trials using expanded or non-expanded stem cells are relatively small and not properly controlled. Thus, intermediate to large-size, double blinded and randomized clinical trials seem to be necessary to establish routine stem cell therapy.[@b92-sccaa-3-057]

Future directions
=================

As procedural complications involved with the procurement of bone marrow-derived stem cells and that aging and disease state diminishes the functional ability of isolated stem cells, is it possible to use allogeneic cord blood-derived HSCs for future cardiac regenerative therapy? Tremendous efforts have been made on *ex-vivo* expansion of HSCs isolated from human umbilical cord bloods. However, we still have a long way to go before we reach to our destination. Even after we achieve the desired expansion volume, will the *ex-vivo* expanded HSCs be suitable for the treatment of IHD? Is HLA-matching enough for allogeneic transfer of expanded stem cells? Which mode will be more appropriate to deliver these stem cells, intravenous or intramyocardial? Can we expand HSCs from frozen cord blood in a sufficient numbers to overcome the limited sources? What will be long-term effects of stem cell therapy for IHD? As ethical issues are not involved, *ex vivo* isolated stem cells are both easy to procure and manipulate. Even though many questions remain to be answered before its clinical application the adult stem cell research field is growing very fast and, important improvements may be seen in the near future.
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![Major signaling pathways and factors influence HSCs fate *in vivo*.\
**Notes:** The Smad signaling: BMP or TGF-β binds to surface receptors expressed on HSCs, which activate receptor regulated Smad (r-Smad), Smad 1, 5, 8 or Smad 2, 3 respectively. Activated r-Smad binds to Smad 4 and forms a complex, which enters to the nucleus and activate variety of genes.The canonical Wnt signaling: Wnt binds to surface receptors of the Frizzled family protein expressed on HSCs. Then the receptors activate Disheveled family protein, which in turn inhibit glycogen synthase kinase (GSK-3) and adenomatosis polyposis coli (APC). This inhibition stabilizes β-catenin and leads to the activation of transcription factors through β-catenin. Notch signaling: the extracellular domain of Notch signaling receptor binds to Jagged or Delta proteins expressed on osteoblasts. Upon binding, intracel-lular domain of Notch receptor undergoes cleavage and enters to the nucleus, which regulates a variety of genes. Other factors that influence the fate decision of HSCs include cytokines and growth factors, integrin binding to extracellular matrix molecules, SCF, Ang1, CD44 etc, which function as either enhancing the survival ability of HSCs or mediating cell division or inducing differentiation.](sccaa-3-057Fig1){#f1-sccaa-3-057}

###### 

Clinical trials using bone marrow derived cells

  Heart diseases                                  Number of patients   Delivery techniques     Functional improvements
  ----------------------------------------------- -------------------- ----------------------- ---------------------------------------------------
  Acute myocardial infarction[@b21-sccaa-3-057]   10                   Intracoronary           Infarct region ↓
                                                                                               Infarction wall movement velocity ↑
  Acute myocardial infarction[@b23-sccaa-3-057]   30                   Intracoronary           Global left venticular ejection fraction (LVEF) ↑
                                                                                               Left-venticular systolic function ↑
  Acute myocardial infarction[@b24-sccaa-3-057]   20                   Intracoronary           End-systolic volume ↓
                                                                                               Regional and global LVEF ↑
                                                                                               Thickness of the infarcted wall ↑
  Acute myocardial infarction[@b4-sccaa-3-057]    204                  Intracoronary           Improvement in the global LVEF ↑
                                                                                               Clinical end point of death (1 year) ↓
                                                                                               Recurrence of myocardial Infarction (1 year) ↓
  Chronic coronary[@b3-sccaa-3-057]               75                   Intracoronary           LVEF ↑
                                                                                               Regional contractility ↑
  Chronic coronary[@b25-sccaa-3-057]              10                   Endocardial injection   LVEF ↑
